INTRODUCTION
Despite the fact that Shigella was discovered over a century ago (Shiga, 1906) , shigellosis remains an important public health challenge, especially in developing countries. Worldwide, the number of Shigella cases exceeds 165 million per year (Kotloff et al., 1999) , causing 1.1 million deaths, and more than 65 % of cases are in children under 5 years of age (Bennish, 1991; Koterski et al., 2005) . The infectious dose, which can be as low as 10 cells, enables the disease to be spread effectively by contaminated food or water, and also by person-to-person contact (DuPont et al., 1989) .
Shigella species are classified serologically by their O antigen only, because they lack H (flagellar) and K (capsular) antigens. Four species are classified on the basis of biochemical and O-antigen serological differences: Shigella dysenteriae (13 serotypes); Shigella flexneri (14 serotypes); Shigella boydii (18 serotypes); and Shigella sonnei, which is a single serotype. There are two distinct Oantigen forms for the 14 Shigella flexneri serotypes, types 1-5 and type 6 (Cheah et al., 1991; Simmons & Romanowska, 1987) , the other serotypes being phage-encoded modifications of the two O-unit structures. Shigella sonnei, Shigella flexneri and Shigella dysenteriae type 1 are the most common species isolated from cases of shigellosis (Ahmed et al., 1997; Bopp et al., 2003) .
The O antigen, which consists of many repeats of an oligosaccharide unit (O unit), is part of the lipopolysaccharide in the outer membrane of Gram-negative bacteria and contributes major antigenic variability to the cell surface. In Shigella, genes for O-antigen synthesis are normally located in a gene cluster, which maps between galF and gnd on the chromosome, except for Shigella sonnei (Lai et al., 1998 (Beutin et al., 2005; DebRoy et al., 2005; Feng et al., 2004a, b; Tao et al., 2004 Tao et al., , 2005 .
Traditional identification of Shigella spp. in the clinical laboratory is based mainly on isolation of Shigella by selective culture media, followed by phenotype identification and serotyping. This process may take 3-5 days to obtain results. Shigella and Escherichia coli are closely related species and share a common molecular origin (Lan & Reeves, 2002) . Enteroinvasive E. coli (EIEC), enterohaemorrhagic E. coli and enteropathogenic E. coli all share one or more clinical or pathogenic features with Shigella (Johnson, 2000) , and many E. coli O antigens cross-react serologically with Shigella O antigens.
Recently, more rapid approaches for the identification of particular Shigella and E. coli O serotypes have been developed using PCR assays based on O-serotype-specific genes (DebRoy et al., 2005; Feng et al., 2004a, b; Fratamico et al., 2003; Tao et al., 2005) , but most can only identify one pathogen at a time. Furthermore, it is difficult to differentiate bands of a similar size in a multiplex PCR mixture for all distinct O-antigen forms of Shigella, and systems such as the Taqman probe-based real-time PCR are limited by the ability to detect only four fluorophores in a single reaction (Panicker et al., 2004) .
By contrast, DNA microarrays allow thousands of specific DNA sequences to be detected simultaneously. Such a microarray for classification of five serotypes of E. coli and ten serotypes of Shigella was developed by us (Li et al., 2006) , and served as a prototype for an array of all serotypes of Shigella and E. coli. In this study, a new DNA microarray was established to detect all 34 distinct Oantigen forms of Shigella, including the 10 Shigella serotypes used in the previous study (Li et al., 2006) . This microarray targeting the wzx, wzy and glycosyltransferase genes is able to detect all distinct O-antigen forms, including Shigella boydii types 1-18, Shigella dysenteriae types 1-13, Shigella flexneri types 1-5 and 6, and Shigella sonnei. We present here an evaluation of the specificity, sensitivity and reliability of this microarray for the serotyping of Shigella isolates.
METHODS
Bacterial strains. One hundred and eighty-six representative strains of all Shigella and E. coli serotypes (Feng et al., 2004b) , 86 Shigella clinical isolates and 10 strains of Salmonella enterica, Staphylococcus aureus, Bacillus cereus and Vibrio cholerae were used in this study (Table 1) . Serotypes of the 86 clinical isolates were identified using commercial antisera obtained from Chengdu Institute of Biological Products (data not shown).
Genomic DNA extraction. Genomic DNA was extracted from 1.5 ml broth culture using a DNA centrifugal filter-extraction kit (Tiangen). The DNA template used for sensitivity testing in milk powder samples was extracted as follows. Twenty-five grams of milk powder (Sanlu) was diluted in 225 ml 2-YT broth (1.6 % tryptone, 1 % yeast extract, 0.5 % NaCl, pH 7.0) and the samples were inoculated with 1 ml of 10-fold serial dilutions of cultures of Shigella strains. The enrichments were incubated at 37 uC for 6 h in a rotary shaker at 180 r.p.m. and DNA was extracted from 1 ml broth.
Multiplex PCR and labelling of the target genes. Multiplex PCR was used to amplify and label the target genes, and was carried out in three groups ( , 1b, 2a, 2b, 3, 3a, 3b, 4a, 4b, 5, 5a , and 5b hybridized to the specific probes for Shigella flexneri types 1-5, a result in line with the fact that they have a common O-antigen gene cluster. ||National Center for Medical Culture Collection, China. Institute of Microbiology, Chinese Academy of Sciences, China. 40 oligonucleotides was used as the negative control. A probe labelled at its 39-end with Cy3 was used as the positional reference and printing control. Each probe was 59-amino-modified and a poly(T) 10 tail was added at the 59-end. All probes are listed in Table 2 .
Microarray preparation. Microarrays were spotted on aldehydegroup-modified glass slides (CEL) using SpotArray72 (Perkin-Elmer). Probes were dissolved in 50 % DMSO and spotted in duplicate on the slide. The slides were dried for 24 h at room temperature, scanned at 532 nm to check the quality of spotting and stored at room temperature in the dark. Each slide consisted of six microarrays framed with a 16 ml Geneframe (Beijing Capital Biochip), which constituted individual reaction chambers. One of the six microarrays was tested with the positive-control standard of Shigella dysenteriae type 8 genomic DNA (100 ng ml 21 ) to ensure that the reagents were effective. Another was tested with the negative-control standard of sterile deionized water to show that the reagents were uncontaminated. The other four were used to analyse samples. A schematic diagram of the probe positions on the microarray is shown in Fig. 1 .
Hybridization process. Fifteen microlitres of labelled PCR product was baked for about 1.5 h at 65 uC until dry, diluted in 16 ml hybridization buffer (25 % formamide, 0.1 % SDS, 66 SSPE). After heating at 98 uC for 5 min, the hybridization mixture was applied to the slide. Hybridization was carried out in a chamber at 40 uC for 16 h in a temperature-controlled water bath in the dark. After hybridization, the Geneframes were removed and the slide was washed with 16 SSC and 0.1 % SDS for 3 min, followed by a wash with 0.056 SSC for 3 min and finally with 95 % ethanol for 1.5 min. The slide was dried under a gentle air stream before it was scanned.
Data acquisition and automated analysis. Microarray slides were scanned at 532 nm using a GenePix Personal 4100A microarray scanner (Axon Instruments) with the following parameters: photomultiplier tube gain, 650; pixel size, 5 mm. Two files were generated with GenePix Pro 6.0, one for the images saved as TIF and the other for the signal intensity saved as GPR. The signal-to-noise ratio was calculated for each spot using the Bactarray Analyser 1.0, developed in house, with the threshold set at 3.0. For each O-antigen form, two to five probes were used, and each probe was printed in duplicate to eliminate possible physical defects in the glass slide. A serotype was confirmed and reported when the following conditions were met: (i) the positive standard, the negative standard, the two positive-control probes, the negative-control probe and the printing-control probe all provided the expected signals; (ii) more than half of all of the probes of a particular serotype generated positive signals above the signal-to-noise ratio threshold.
RESULTS AND DISCUSSION

Target gene selection and probe design
The different O-antigen forms are almost entirely due to genetic variations in their respective O-antigen gene clusters (wzx, wzy and glycosyltransferase genes). We utilized Oserotype-specific genes used in a previous study to identify 10 serotypes of Shigella, including Shigella sonnei, Shigella flexneri type 2a, Shigella boydii types 7, 9, 13, 16 and 18, and Shigella dysenteriae types 4, 8 and 10 (Li et al., 2006) , for the strains studied here, and identified specific gene cluster sequences for Shigella boydii types 1, 4, 5, 6, 10 and 11, and Shigella dysenteriae types 1 and 7 obtained from GenBank (accession nos AY630255, AF402312, AF402313, AF402314, AY693427, AY529126, L07293 and AY380835, respectively). The sequences of the other 16 serotypes were extracted from our laboratory data. For each serotype, a specific gene was chosen as the target gene for the downstream amplification and labelling (Table 2) , and two to five probes were designed for each target gene.
Multiplex PCR to label the target genes
Multiplex PCR was used to amplify and label the target genes in three groups. Group A targeted Shigella boydii types 1, 4, 5, 6, 8, 10, 12 and 14, Shigella dysenteriae types 7, 9 and 13, and Shigella flexneri type 6; group B targeted Shigella boydii types 2, 3, 11, 15 and 17, and Shigella dysenteriae types 1, 2, 3, 5, 6, 11 and 12; group C targeted Shigella boydii types 7, 9, 13, 16 and 18, Shigella dysenteriae types 4, 8 and 10, Shigella flexneri types 1-5 and Shigella 
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sonnei. For each of the representative strains of all distinct O-antigen forms of Shigella, two bands were generated by PCR, one for the 16S rRNA gene and one for the Oserotype-specific gene (Fig. 2) . The PCR products ranged from 255 to 1568 bp ( Table 2 ). The dye Cy3-dUTP was integrated into the PCR amplicons.
Optimal probe concentration
Probes OA-1731, OA-1732, OA-1733 and OA-1739 targeting Shigella flexneri type 6 and probes OA-58, OA-1604, OA-1605 and OA-1710 targeting Shigella boydii type 1 were selected randomly and printed on slides at concentrations of 1, 3, 10, 30, 50, 80 and 100 mM. The slide was then processed to hybridize with labelled PCR fragments of the corresponding wzx genes. The fluorescence intensity increased steadily in the range of 1-10 mM probe and reached peak intensity at 10 mM; the signal level decreased as the probe concentration approached 100 mM (Fig. 3) . At high concentrations, steric hindrance by an excess of probe molecules on the microarray surface prevents incoming target DNA molecules from hybridization, thereby reducing the fluorescence signal (Schena, 2003) . Therefore, 10 mM was used as the optimal probe concentration in this study.
Specificity of oligonucleotide probes
The DNA microarray was tested on all strains of the panel of O-serotype strains of Shigella and E. coli in addition to those listed in Table 1 . Each of the representative strains of all 34 distinct O-antigen forms of Shigella consistently hybridized to their corresponding probes. The results for selected strains are shown in Fig. 4 on arrays 1-5. Representative strains of Shigella flexneri types 1-5 hybridized specifically with their corresponding probes (Table 1) , a result in line with the fact that they have a common basic O-antigen structure and a common Oantigen gene cluster (Cheah et al., 1991) .
Many E. coli O antigens cross-react serologically with Shigella O antigens. Recently, we elucidated the relationships between the structures and genetics of the O antigens of Shigella and E. coli (Liu et al., 2008) and showed that 21 Shigella type strains share identical or closely related Oantigen gene clusters with E. coli. As expected, 23 representative strains of E. coli O serotypes (Table 3) gave the same hybridization results as the 21 corresponding Shigella serotypes (Table 3 ). All of the 86 clinical isolates of Shigella were successfully identified. No strains of other bacterial species (Table 1) hybridized with the serotype-specific probes (Fig. 4, arrays 6 and 7) . E. coli, Salmonella enterica and V. cholerae have a close relationship with Shigella, and the 16S rRNA gene primers can work with their genomic DNA, so both the positional reference control and positive-control probes gave positive results. In contrast, B. cereus and Staphylococcus aureus have a distant relationship with Shigella; hence only the positional reference control probe gave a positive result.
Differentiation between groups of Shigella and E. coli with identical or closely related O antigen
As with traditional serotyping, the O-serotype-specific gene microarray was unable to differentiate the 21 O antigens that are identical or closely related in some Shigella and E. coli groups (Table 3) . Shigella strains are non-motile; the E. coli inactive group, which includes EIEC, is very similar to Shigella in biochemical and physiological properties to the extent that Lan & Reeves (2002) suggested that the latter 2, 3, 5, 6, 11, and 12. (c) Group C. Lanes Mr, molecular mass standards; A-E, Shigella boydii types 7, 9, 13, 16 and 18; F-H, Shigella dysenteriae types 4, 8 and 10; I, Shigella flexneri type 2a; J, Shigella sonnei. Two bands were generated from the PCRs: one from the 16S rRNA gene (1.2 kb) and the other from the gene specific to the individual serotype.
A DNA microarray to subtype Shigella should be considered a member of the extremely diverse species E. coli. Other shared properties are the specificity of the invasion plasmid antigen gene (ipaH) for Shigella and EIEC (Venkatesan et al., 1989) and the absence of lysine decarboxylase activity, present in 90 % of E. coli strains, among strains of Shigella and EIEC strains (Maurelli et al., 1998) , which has been used in the diagnostic laboratory to differentiate E. coli from Shigella. Nevertheless, most EIEC strains contain the cadA gene encoding lysine decarboxylase, whilst Shigella strains lack it (Casalino et al., 2003; Tao et al., 2005) .
In order to differentiate O antigen identical or closely related in Shigella and E. coli, primers were designed for 
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ipaH (ipaH-F, 59-TGACCGCCTTTCCGATA-39, and ipaH-R, 59-TTCTCCAGCATCTCATA-39) and cadA (cadA-F, 59-TTCAAAAACATCGATAACGA-39, and cadA-R, 59-ACGGTATGCACCGTGAAT-39). With the primers for ipaH, all 21 Shigella strains and four out of seven EIEC strains (Table 3) gave PCR products of the expected size (584 bp), whilst other E. coli strains failed to generate an amplicon. Moreover, bands of the predicted size (669 bp) were observed with Shigella boydii type 11, Shigella dysenteriae type 1 and 22/23 tested E. coli strains with the primer pair for cadA. The combined results of amplification of these genes 
S. flexneri type 6 S. flexneri type 6 + 2 E. coli O147 2 + *ETEC, enterotoxigenic E. coli, which produces heat-labile enterotoxin, heat-stable enterotoxin, or both.
A DNA microarray to subtype Shigella indicated that all 21 groups of O antigen identical or closely related in Shigella and E. coli could be differentiated. Therefore, when the microarray result is positive for one of the 21 Shigella cross-reaction serotypes listed in Table 3 , further PCR assays based on ipaH and cadA are recommended.
Sensitivity of detection with genomic DNA
Serial dilutions of genomic DNA of Shigella strains G1222 (Shigella dysenteriae type 7, multiplex PCR group A), G1191 (Shigella boydii type 11, multiplex PCR group B) and G1221 (Shigella dysenteriae type 8, multiplex PCR group C) to give 1000, 100, 50, 10 and 1 ng DNA were used to test the sensitivity of the microarray. Strong positive signals were generated at 10 ng or above (not shown), and 50 ng was chosen as the standard DNA amount for the study.
Sensitivity of detection with milk powder
DNA extracts from 10-fold serial dilutions of Shigella strains G1222, G1191 and G1221 in the range of 10 1 -10 6 c.f.u. ml 21 were labelled and hybridized to the microarray. All specific probes correctly detected 10 4 c.f.u. ml 21 or greater. In addition, all Shigella strains were detected following 6 h enrichment with an initial cell count of 1 c.f.u. in 25 g milk powder. This level of sensitivity is in compliance with the food standards of the Codex Alimentarius Commission (CAC) (Principles for the Establishment and Application of Microbiological Criteria for Foods; CAC/GL 21-1997).
Double-blind test
A double-blind test was performed to verify the reliability and specificity of the microarray. A total of 36 Shigella strains and nine strains of other bacterial species were used to hybridize to the microarray without disclosure of their identity during testing. The results for the Shigella strains, which included one strain from each of Shigella boydii types 1-18, Shigella dysenteriae types 1-13, Shigella flexneri types 1a, 2a, 3 and 6, and Shigella sonnei, were consistent with traditional phenotyping and serotyping methods. As before, none of the control species reacted in the microarray.
The microarray has many advantages over traditional bacterial culture and serotyping methods: (i) it is rapid and allows a high throughput of isolates, with processing time within a working day, whilst traditional identification of Shigella in the clinical laboratory may take 3-5 days; (ii) it is able to detect O-rough strains, which are due to mutations in the O-antigen gene cluster; and (iii) crossreactions are uncommon. However, as with traditional serotyping, the microarray has its limits in distinguishing Shigella and E. coli strains that share the same O-antigen structures. This resulted in 23 E. coli O serotypes giving the same hybridization results as the 21 corresponding Shigella types; however, PCR of the ipaH and cadA genes was able to distinguish between the two groups of strains.
With the exception of Shigella flexneri type 6, all of the other Shigella flexneri serotypes share an identical Oantigen basic chain structure, and the same variations in E. coli or Salmonella enterica would not be given separate status. These variations result from phage modifications within the genome. As a result, the specific probes OA-145 and OA-616 (Table 2) , based on the wzx gene of Shigella flexneri type 2a, can hybridize with all Shigella flexneri type 1-5 strains to detect them as a group. Further resolution within this group still requires traditional serotyping.
Shigellosis is a global human health problem and no licensed vaccines are currently available to protect against infection (NIAID, 2003) . A rapid and comprehensive means of detecting all Shigella serotypes is important for the microbiological monitoring of food to protect consumer health. The DNA microarray method described here is specific and sensitive, and offers a promising tool for wide applications in food safety, basic microbiological research and epidemiological surveillance.
